ABSTRACT Geosynthetic-reinforced base course is potentially a cost-effective solution for flexible pavement construction. With the recent advance in the mechanistic-empirical pavement design in the United States, there is a need to develop the next generation design method for geosynthetic-reinforced bases in flexible pavements. To develop such a design method requires an improved understanding about the mechanistic behavior, especially the in-plane elastic behavior, of geosynthetics. In this paper, the geometry effect of geosynthetics was discussed. The author first reviewed recent experimental and numerical studies. Analytical equations based on cellular material mechanics were presented for determining the in-plane elastic properties of geosynthetics. The analytical equations were used to evaluate a few geosynthetics with typical geometries. The results showed that, with the same polymeric material and typical product geometries, the geocell has a better confinement effect than geogrids, and the triaxial geogrid with a triangular aperture has a better confinement effect than the biaxial geogrid with a rectangular aperture. It was also demonstrated that the traditional uniaxial tensile modulus may be a poor indicator of the effectiveness of geosynthetics for base course reinforcements.
INTRODUCTION
Low-to medium-volume roads compose a majority of the public roadway system. Most of low-or medium-volume roads were constructed with thinly paved flexible pavements (i.e., less than 10-cm thick asphalt concrete on top of unbound base and subgrade layers). Due to the relatively thin asphalt concrete layer used, unbound base aggregate are subjected to a larger vertical stress under the traffic load. The induced vertical stress will force the unbound base particles to move laterally aside from the wheel path. As the number of vehicle passes increases, the unbound base layer will develop an unrecoverable (or permanent) vertical deformation, which will result in rutting as well as other types of distresses to the road surface. In order to minimize the lateral movement of the unbound base material, a thick unbound base layer has to be designed with high-quality aggregate materials. However, the local resource of highquality aggregates is not always available to highway administrative agencies. As an alternative, geosynthetics may be used to reinforce the aggregate base and reduce the total thickness required for the unbound aggregate layer of the pavement.
Geosynthetics is a general term used to describe a wide variety of polymeric products used in civil engineering structures. For base course reinforcements, two most commonly used geosynthetic products are geogrid and geocell ( Figure 1 ). In terms of geometry, both of the two products have a regular, periodic, cellular structure. The major difference between the two products is that geocell has a "three-dimensional" structure with a typical height of 10 to 15 cm, whereas geogrid is a "planar" geosynthetic product with a typical thickness of several millimeters. The mechanism of the two geosynthetic products in the base course reinforcement are also slightly different, as illustrated in Figure 2 . Geogrid restrains the lateral movement of the granular material through the interlocking between aggregate particles and geogrid apertures. To achieve a satisfying interlocking, the grain size distribution of the aggregate should be properly selected. On the other hand, geocell provides direct lateral confinement to the in-fill unbound materials, which allows a wider variety of granular materials to be used in the base course construction.
Proper application of the geosynthetic base reinforcement technique relies on rational design methods. Ideally, the design method for geosynthetic-reinforced bases The mechanism of geosynthetic base reinforcement should be compatible with the pavement design and be applicable to a wide range of geosynthetic products from different manufacturers. In the past, empirical design methods have been developed for geogrid-reinforced bases [1] [2] [3] . However, with the recent advance in mechanistic-empirical pavement design in the United States, there is a need to develop the next generation design methods for geosynthetic-reinforced bases in flexible pavements. To achieve this goal, an improved understanding about the mechanistic behavior of the geosynthetics is required. It has been generally accepted that the in-plane tensile stiffness is the most influential property of the geosynthetic on the performance of the reinforced base, because it determines the magnitude of lateral confining stress applied to the unbound aggregate under the same lateral displacement. For a cellular structure, the apparent tensile stiffness (referred as tensile stiffness hereafter) of the structure depends on the elastic modulus of the material and the geometry of the structure. Obviously, the tensile stiffness of geosynthetics increases with the modulus of the polymeric material. However, the fundamental effect of the geometry of the geosynthetic products has not been well understood.
In this paper, typical geometries of geogrid and geocell products were first introduced. Recent studies on the effect of geosynthetic geometry were reviewed. Analytical equations for determining the in-plane elastic properties of cellular materials were presented. The equations were then used to analyze several geosynthetics with typical geometries. Finally, the analytical results were discussed.
THE GEOMETRY OF TYPICAL GEOSYNTHETIC PRODUCTS
The most common geogrid product for base course reinforcement is the biaxial geogrid (as shown in Figure 3a ). This type of geogrid consists of ribs in two orthogonal directions. The apertures of the biaxial geogrid are rectangular-shaped. Recently a new geogrid product, also called the triaxial geogrid, has been developed. The triaxial geogrid consists of ribs in three directions that are 60 degree from each other ( Figure  3b ). Correspondingly, the apertures of the triaxial geogrid are equilateral triangularshaped. Geocell products on the market are also available in different geometries. However, the most commonly used geocell product for the base course reinforcement has a hexagonal-shaped structure, as shown in Figure 3c .
REVIEW OF RECENT STUDIES ON THE GEOMETRY EFFECT OF GEOSYNTHETICS
Several researchers have compared the performance of the biaxial geogrid-reinforced aggregate with that of the triaxial geogrid-reinforced aggregate in the laboratory. AbuFarsakh and his colleagues conducted both cyclic load triaxial compression tests and cyclic plate load tests [4] [5] . Cyclic load triaxial compression tests were performed on cylinder samples of aggregate reinforced by a piece of geogrid at the mid-depth of the sample. Five different geogrid products were used, three biaxial and two triaxial. Under the same number of cyclic load repetition, the samples reinforced by triaxial geogrids developed slightly less permanent deformation than those reinforced by biaxial geogrids [4] . Large-scale cyclic plate load tests were performed on laboratory-prepared flexible pavement sections with 2-in. asphalt concrete, 12-in. aggregate base course, and a soft silty clay subgrade. Two biaxial and two triaxial geogrids were used to reinforce the aggregate base. The permanent deformation on top of the asphalt concrete was monitored and compared. The result showed that the two triaxial geogrids performed slightly better than the two biaxial geogrids in reducing the permanent deformation of the pavement [5] . David et al. conducted a field accelerated load test on several unpaved aggregate road sections reinforced by different types of geosynthetics: a biaxial geogrid, a triaxial geogrid, and a woven geotextile [6] . After the road sections were constructed, traffic loads was applied by a heavy vehicle. The wheel-path rutting of the road sections was monitored and compared. It was found that the triaxial geogrid-reinforced section developed the lowest rutting.
Although the above experimental studies showed encouraging results about the triaxial geogrid, the conclusion drawn from these studies were clouded by the fact that the biaxial and the triaxial geogrids were typically made from different polymer materials. In other words, the geometry effect was complicated by the difference in material properties. With the difficulty in direct evaluating the geometry effect through experiments, other researchers investigated the problem through numerical analysis. Dong et al. created numerical models to simulate the elasto-plastic behavior of biaxial and triaxial geogrids under uniaxial tensile stress in different directions [7] . The numerical results indicated that biaxial geogrids have a relatively high uniaxial tensile 250 An assessment of the geometry effect of geosynthetics for base course reinforcements Geometry of typical geosynthetics stiffness at machine and cross-machine directions (i.e., directions parallel to the orthogonal ribs, see Figure 3a ), whereas the uniaxial tensile stiffness in other directions was nearly zero. On the other hand, the stiffness of triaxial geogrid was more uniform in all directions. These observations matched the laboratory test results very well. Dong et al.'s study emphasized the shortcoming of the current practice of using uniaxial tension tests to characterize the mechanistic property of geosynthetics. In fact, geosynthetics in flexible pavements, especially directly under the wheel load, are subjected to multi-directional tension. Therefore, some researchers proposed using special bi-axial tension device to test the tensile stiffness of geosynthetics [8] .
ANALYTICAL EQUATIONS FOR THE IN-PLANE TENSILE STIFFNESS OF GEOSYNTHETICS 4.1 Cellular Material Mechanics
Obviously, both the uniaxial tension and the biaxial tension are special cases of a general in-plane stress conditions. From anisotropic elastic theory, if the stiffness matrix of a geosynthetic product is determined, the behavior of the geosynthetic under any in-plane stress condition can be predicted. As mentioned previously, both geogrid and geocell have a regular, periodic, cellular structure. In fact, the in-plane elastic behavior of these products can be predicted using the theory of cellular material mechanics. Cellular structures have been extensively studied by aerospace engineering researchers for many years. In this paper, only the analytical equations for determining the elastic properties of rectangular, triangular, and hexagonal shaped structures are presented. These three structures correspond to the biaxial geogrid, the triaxial geogrid, and the geocell products. Figure 4 presents the unit structure of the three types of geosynthetics. Note that the unit structure for geocell was characterized as a regular hexagon for simplicity. Actually, the behavior of any arbitrary hexagonal-shaped structure can also be predicted using slightly more complicated equations. In this paper, subscripts "1" and "2" were used to define the two orthogonal axes in the plane of the geosynthetic. Meanwhile, the Young's modulus and the Poisson's ratio of the geosynthetic material are denoted by E s and v s .
Biaxial geogrid has two axis of symmetry (Figure 4a ), thus it is an orthotropic material. The in-plane elastic behavior of an orthotropic material can be characterized by five elastic constants (i.e., E 1 , E 2 , v 12 , v 21 , and G 12 ), of which four elastic constants are independent. Equations (1) to (3) can be used to calculate the elastic constants of the biaxial geogrid [9] : Geometry parameters
For orthotropic materials, the Young's modulus in any direction E θ can be calculated using Equation (4). (4) where θ is the angle between the arbitrary direction to direction-1.
It has been demonstrated that the cellular materials with a unit structure of regular triangle and regular hexagon are both isotropic materials [10] . The in-plane elastic behavior of an isotropic material can be characterized by two elastic constants (i.e., E, and v). The equations for determining these constants are as follows:
For a triaxial geogrid:
For a geocell with a regular hexagonal structure:
It is interesting to note that, according the continuum mechanics theory, the upper bound value of the Poisson's ratio is 0.5. However, for cellular material, the Poisson's ratio can exceed this limit. original paper [7] . The calculated tensile stiffness (modulus divided by thickness) from the analytical equations and the numerical results published by Dong et al. are compared in Figure 5 . It is shown that the analytical results obtained in this paper matched the numerical results from the original publication very well. Both the numerical and the analytical results showed that triaxial geogrid has a more uniform distribution of tensile stiffness along different directions, whereas biaxial geogrid only has considerable tensile stiffness along the rib directions. 
Calculated biaxial tension test results
In this section, the analytical equations introduced previously are used to calculate the tensile strain of a biaxial geogrid, a triaxial geogrid, and a geocell under the biaxial tension test condition. The load condition of a biaxial tension test is shown in Figure 6 . In this test, the geosynthetic sample is subjected to the same magnitude of tensile stress in two orthogonal directions (often coincide with the machine direction and the crossmachine direction of the geosynthetics). In reality, the biaxial tension test requires special test devices. There are some practical issues with this these devices, for example, the scale effect and sample bending due to undesired out-of-plane stress.
The same set of material parameters were used for all the three types of geosynthetics (E s = 2.63 GPa, v s = 0.333). For demonstration purposes, typical geometry parameters were used in this part of analysis ( Table 2 ). The uniaxial tensile stiffness and the Poisson's ratio of each geosynthetic was first determined (Table 3) . Then Equations (9) and (10) were used to calculate the tensile strain of the sample along the two principle axes. The tensile stress used in the analysis was σ = 10 kN/m. The analytical results are listed in Table 3 . Biaxial tension test condition (σ = the tensile stress applied)
It is shown in Table 3 that biaxial geogrid has the highest uniaxial tensile stiffness, yet it developed the highest tensile strain under biaxial tension test. On the contrary, geocell has the lowest uniaxial tensile stiffness, but it developed much lower tensile strain than the two geogrids. This result, although surprising at the first glance, can be explained by the difference in the Poisson's ratio. Note that biaxial geogrid has the lowest Poison's ratio, which means tension in one direction will provide little benefit to the tensile stiffness in the transverse direction. Triaxial geogrid has a higher Poisson's ratio of 0.333, thus tension in one direction will increase the tensile stiffness of the triaxial geogrid in the transverse direction. Regular hexagon geocell, on the other hand, has the largest Poisson's ratio of 1. This type of structure becomes much stiffer when subjected to biaxial tension.
It may be argued that the height of the geocell was much higher than the thickness of the two geogrids, and it developed lower tensile strain because the tensile force is distributed to a much thicker layer. However, imagine that the tensile stress of the geogrid is transferred to the adjacent 10-cm thick aggregate layer through particle interlocking. The result in Table 3 implies that under the same lateral strain, geocell can mobilize much higher confining pressure than the two geogrids to the same thickness of aggregate layer. The above results also demonstrated that the traditional uniaxial tensile stiffness may be a poor indicator of the effectiveness of a geosynethetic product in base course reinforcement. Future studies are needed to develop a better performance indicator of geosynthetics under multi-axial load conditions. 
CONCLUSIONS
This paper discussed the geometry effect of the geosynthetics on the base course reinforcement in flexible pavements. The following conclusion can be drawn from this study:
• Cellular material mechanics theory provides an analytical tool to understand the geometry effect on the mechanistic behavior of geosynthetics. The in-plane elastic properties calculated by the analytical equations compared well with the previous numerical modeling results.
• Triaxial geogrid with a triangular aperture shape has a higher in-plane Poisson's ratio than the biaxial geogrid with a rectangular aperture shape. The higher Poisson's ratio will bring benefit to the tensile stiffness when the geogrid is subjected to multi-axial tension, which is probably one of the reasons that triaxial geogrids performed better in base course reinforcement than biaxial geogrids in the previous experimental studies.
• Geocell with a regular hexagon structure provides a higher Poisson's ratio than both triaxial and biaxial geogrids. The regular hexagon structure, although with a low uniaxial tensile modulus, become much stiffer when subjected to biaxial tension. Therefore, under the same lateral strain, geocell can mobilize much higher confining pressure than geogrids to the same thickness of aggregate layer.
• The traditional uniaxial tensile stiffness may be a poor indicator of the effectiveness of a geosynthetic product in base course reinforcement. Future studies are needed to develop an alternative performance indicator of geosynthetics under multi-axial load conditions.
